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Abstract: The present requirement of the automobile industry is seeking lightweight material that satisfies the
technical and technological requirements with better mechanical and tribological characteristics. Aluminum
matrix composite (AMC) materials meet the requirements of modern demands. AMCs are used in automotive
applications as engine cylinders, pistons, disc, and drum brakes. This paper investigates the effect of particle
size and wt% of Al,0 /SiC reinforcement on mechanical and tribological properties of hybrid metal matrix
composites (HMMCs). AA2024 aluminum alloy is reinforced with Al,O /SiC different particle sizes (10, 20 and
40 um) and weight fractions (upto 10 wt %) fabricated by using a squeeze casting technique. HMMCs were
characterized for its properties such as X-ray diffraction (XRD), density, scanning electron microscope (SEM),
hardness, tensile strength, wear and coefficient of fiiction. AA2024/5wt%Al,0 /5wt%SiC with 10 um reinforced
particle size showed maximum hardness and tensile strength of 156.4 HV and 531.43 MPa and a decrease in
wear rate was observed from 0.00307 to 0.00221 at 10N. Hybrid composites showed improved mechanical and

wear resistance suitable for engine cylinder liner applications.

Keywords: Hardness, Density, Tensile strength, Wear, Squeeze casting and Particle size.

1. INTRODUCTION

The current requirement of automotive industries
is to seek improved fuel efficiency, properties, fric-
tion and wear resistance [1]. This led to the develop-
ment of lightweight and low-cost material for cylin-
ders block, liners, piston, cam-shafts, lifters, brake
components, frame members, etc [2]. The cylinder
liner serves as a sliding surface for the piston rings
retaining the lubricant. The combustion heat taken
up by the piston and piston rings transmits to the
coolant. Failure of the liners can affect the perfor-
mance of the engine seriously. This leads to mechan-
ical energy loss and emits a significant amount of
particulate emissions. Cast iron (CI) cylinder liners
offer excellent wear-resistance at high temperatures.
The limitation of the CI liner is the development of
air pockets that lead to premature failure of an en-
gine cylinder. To overcome this limitation, metal
matrix composite (MMC) were used as cylinder lin-
ers with superior tribological characteristics and suf-
ficient strength. Selection of right material for an en-
gineering application depends on properties such as

strength, wear, density, light-weight, melting point,
cost, etc. Though, aluminum (Al) and mild steel
showed better response compared to other materials.
Steel whose density is three times of Al, with low
coefficient of thermal expansion (CTE) and thermal
conductivity makes it an unlikely material for cylin-
der liners. Al stands out as a better choice due to its
good thermal conductivity. Moreover, CTE found to
be similar to Al piston and it satisfies the require-
ment of low weight. Al and its alloys show low hard-
ness and degradation in mechanical and tribological
properties at elevated temperatures, which limits its
application in engineering [3-5].

It is well known, that the addition of reinforce-
ment (hard material) to the matrix (Metal matrix
composites-MMC) improves the mechanical and
tribological properties [6, 7]. MMCs retain the prop-
erty of toughness and ductility derived from ma-
trix, strength, and stiffness from the reinforcement.
Tailoring the mechanical properties of MMC for a
specific application is identified by matrix, type, size
and amount of reinforcement, and the fabrication
technique.
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Matrix materials used in MMCs are Al, Mg, Gr,
Ti, etc. Though, Ti, Mg, and Al are popular matrix
materials. Ti known for its high specific strength has
a density twice the Al and is reactive at high tem-
peratures. While Mg and its alloys possess good spe-
cific mechanical properties, its low absolute strength
and limited ductility limit the application. Al and its
alloys showed a better response as a matrix material
[8] due to its low density, high thermal conductivity
and potentially a stable material for tribological ap-
plications. Addition of impurities in Al alloys exhibit
a heterogeneous microstructure. It is seen apparently
in high strength Al alloys 2xxx, 6xxx, 7xxx and 8xxx
series. The selection of an Al alloy is totally based
on a specific engineering application. AA2Xxx series
satisfies the requirement of high strength for aero-
space and automotive applications. It shows better
mechanical properties and low wear resistance [9].

Similarly, the proper selection of reinforcement
helps the AMC in achieving the desired mechanical
properties [10]. A1, O,, SiC, Gr, B,C, Si,N,, TiC, TiB,,
TiO,, Ti and W [11-13] are the reinforcement used.
The most commonly used reinforcements are Al,O,
and SiC. The reinforcement Al O, offered good wear
resistance and the tensile strength, hardness, density
and wear resistance increase with SiC addition to Al
and its alloys [14]. Increase in the volume fraction of
ALO, (15 Vol%) in Al2024, increased the ultimate
tensile strength [ 15] and decreased the ductility [16].
The application of pressure in molten Al decreases
the porosity and improves wettability and bonding
in AA2024/A1,0, composite [17]. Al2024 compos-
ite fabricated with different particle sizes (16, 32,
66 um) of AL O, reinforcement increase the com-
posite hardness and tensile strength with increase
in AL O, volume fraction up to 10 % at the lowest
particle size (16 pm). Wear resistance of composites
decreased with increasing sliding distance, abrasive
grit size and load [ 18]. The wear behavior is affected
by the size of the particulates. Steady load on com-
posites with large particulate size displayed excep-
tional wear resistance [19]. SiC (15 wt%) reinforced
AMC demonstrate good strength, hardness and
wear resistance [20]. The ultimate tensile strength,
yield strength, hardness and compressive strength of
AI2024/SiC/Gr hybrid composite increase with an
increasing volume fraction of reinforcement [21].
The wear rate of AMC reinforced SiC increased by
increasing the load, speed and sliding distances [22].

& & o

AMCs offer better strength at high temperatures,
good wear resistance, stiffness, low coefficient of
friction and thermal expansion [23,24]. The hard-
ness of composites increased with increase in wt%
of the reinforcement [25]. The particulates AL,O, and
SiC offers good support in tailoring the properties
for its application in aerospace, automobiles and var-
ious other fields [26].

Selection of right fabrication technique for the
processing of HMMC improves the mechanical
properties. So, far no unique processing route has
been identified in particular. Different fabrication
techniques in practice are liquid metal infiltration
[27] stir-casting [28-30], squeeze casting [31], etc.
Traditional stir casting process reported segregation,
micro-porosity and poor adhesive nature of the com-
posites [ 14,32]. The novel squeeze casting technique
has the potential to overcome these limitations. Its
advantage is cast components can be fabricated in
a single step process with low squeeze pressure.
Hence, along with the low cost of starting materi-
als makes squeeze casting a preferable method for
manufacturing of components. Thermal limitations
of the die restrict the squeeze casting to light and low
melting point alloys of aluminum and magnesium.
The squeezing pressure shows the effect of under-
cooling along with the dissipation of heat through
the dies that promote quick solidification. It reduces
the contact time between the reinforced particles and
the molten aluminum and decreased the possibility
of interfacial reactions [33]. The squeezing pressure
of 100 MPa and time duration of 30 sec [34] is found
to be adequate to obtain microstructural refinement,
reduction in porosity, and achieve a complete con-
tact between the metal and the die surface.

This makes it suitable for the manufacture of
light alloy components in large production quanti-
ties. Higher solidification rate helps in reinforcement
distribution, decrease in porosity, low operating
costs and good surface finish [35] exhibiting better
mechanical properties. Hence, it stands out as an at-
tractive processing technique [36].

The drive-by automotive industries towards sus-
tainable growth and contribution towards society’s
life improvement greatly depends on the use of al-
ternative materials made them use the MMCs exten-
sively. The requirement of good mechanical prop-
erties and wear resistance necessitated the need for
hybrid metal matrix composites (HMMC) combin-
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ing the advantages of reinforcement. This made the
research to be conducted remarkably by using the
Al O, and SiC reinforced with AA2024 to study its
suitability for liner application. This paper attempts,
the fabrication of HMMC using reinforcement
AL O,/SiC with different wt% (1-10 wt%) and parti-
cle sizes (10, 20 and 40 pm) using a squeeze casting
technique. The prepared samples were characterized
to understand the properties such as density, XRD,
tensile, hardness, wear, coefficient of friction and
wear microstructure.

2. EXPERIMENTAL PROCEDURE

Fig. 1 shows the setup of the squeeze cast-
ing process used in the fabrication of HMMCs.
AA2024 alloy was chosen as a metal matrix and
reinforcement with different wt% of A1, O, (Sigma
Aldrich, 99.9%) and SiC (Sigma Aldrich, 97.5%)
was used. The composition of the matrix and rein-
forcement selected is shown in table 1.

Table 1. The composition of HMMC in wt%

Sample Code (AA2024) ALO, SiC
S1 99 0.5 0.5
S2 98 1 1
S3 96 2 2
sS4 94 3 3
S5 92 4 4
S6 90 5 5

In order to study the effect of reinforcements,
ALO, and SiC particulates weremilled to obtain 10,
20 and 40 pm particle sizes, respectively. Based on the
composition, appropriate wt% of AA2024 alloy was
taken in the graphite crucible and heated in the furnace
at 750 °C. Mg 1 wt% was added into the molten alloy
to increase the wettability of the reinforcements into the
matrix. Die consists of two stainless steel spacers, die,
base and stainless steel plunger. The cylindrical shaped
die is considered to minimize leakage, deliver constant
pressure and ensure even ejection of the cast. The di-
mensions of the die cavity are 250 mm length and 50
mm diameter. The hydraulic plunger is used to apply
the pressure (100 MPa). The die temperature is 150 °C
maintained constantly. The molten alloy was stirred at
250 rpm for 10 min [17] to achieve the homogeneous

dispersion. The reinforcement preheated in the furnace
at 400 °C was introduced into the molten AA2024
slowly during stirring. In order to reduce the oxidation
during the process, the experiments were conducted
in an argon atmosphere. The molten alloy was poured
into the die cavity and a squeeze pressure of 100 MPa
was applied for 30 s by the punch. Die-metal interface
promotes rapid heat transfer to solidify and then was
ejected from the die. T4 condition was obtained by heat
treating HMMC at 493 °C and then water quenched.
Finally, aging was carried out at the room temperature.
The samples were prepared according to ASTM stan-
dards to study the properties hardness, tensile strength,
and wear.

Fig. 1. Squeeze casting machine setup

Structural and phase identification of the HM-
MCs were evaluated by using X-ray diffraction
(XRD) analyzer using the model XRD-3000, SEI-
FURT. XRD spectra were recorded with a graph-
ite monochromatic Cu-Ka radiation (A= 1.5406
A) in the 20 range from 5 to 70 ° with a scan rate
of 2 °/min. The density of sample was determined
using Archimedes principle on a Mettler Toledo
ME204 apparatus (ASTM D792-91). Samples cut
into small piece were weighed in air and water.
Theoretical density was estimated by applying the
rule of mixtures for different weight fraction of
Al O,/SiC particles. The difference between ex-
pected and observed density of the samples was
used to evaluate the porosity.

Micro-hardness of HMMC samples was mea-
sured using the Vickers digital micro-hardness
(Shimadzu JIS Q 17025) tester under the standard
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Fig. 2. Specimen loaded on (Shimadzu) hardness tester

load of 0.05 Kg for the duration of 15 s (Fig. 2).
For accurate measurements, the sample surfaces
were ground and polished to create a well-defined
indentation. To avoid the effect of segregation
of particulates, the average of five tests was tak-
en for each sample. The mechanical behavior of
HMMCs was studied using the tensile test as per
the standard ASTM EO08-8. The composite sample
with a diameter 6 mm and gauge length 30 mm
was used for the tests being polished using 600
grit sand-paper before the measurements (Fig. 3).
A computer-controlled tensile testing machine
shown in Fig.4 (a) (Shimadzu JIS Q 17025) at a
cross-head speed of 0.5 mms™ was used for the
tensile strength measurement. The tensile test
sample loaded in the UTM is shown in Fig 4 (b).

Dry sliding wear behavior of HMMCs was
investigated using the pin on a disc test system
(DUCOM, TR-20LE); the samples were prepared
as per the standard ASTM G99-05. Pin sample di-
mension selected was 6 mm in diameter and 15 mm
in height, machined and polished metallographi-
cally as shown in Fig. 3. An oil hardened nickel
steel (ONHS) of diameter 55 mm steel disc of 62
HRC was used as the counter surface in the wear
test. Samples were tested at the ambient condition

s & f o

Fig. 4. Tensile Tesing Machine (Shimadzu)
b) Tensile test specimen loaded in the UTM

where the relative humidity was about 60-65%.
Wear test was performed at sliding speeds of 2, 3, 4
m/s for different loads of 10 and 20 N. The sliding
distance and wear track diameter of 1200 m and 30
mm were used respectively. Measurements were
performed in unlubricated condition. The weight
loss of samples (cleaned with acetone) was deter-
mined by using an electronic weighing balance
with a resolution of +£0.1 mg. The coefficient of
friction for the given sliding distance was record-
ed continuously. Wear-tested sample’s surfaces and
EDS analysis was done through scanning electron
microscopy using the model CARL ZEISS SEM.

3. RESULTS AND DISCUSSION
3.1. Phase Evolution of HMMCs

Fig.5 (a-f) shows the XRD pattern for Al,O,/
SiC reinforced AA2024 metal matrix composite
(10 um particle size). The XRD patterns indicate
the presence of Al, ALO, SiC, Al,C, and AL SIC,
phases due to the reaction between Al and SiC par-
ticulates. The intensity of the peaks was found to
vary with composition. It is clearly observed that
the peak shift was observed with increasing wt%
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Fig. 5. XRD pattern for the samples (a) AA2024/0.5wt%Al1,0,/0.5wt%SiC, (b) AA2024/1wt%A1203/1wt%SiC,
(c) AA2024/2wt%Al,0,/2wt%SiC, (d) AA2024/3wt%Al,0,/3wt%SiC, (¢) AA2024/4wt%Al,0,/4wt%SiC, and
() AA2024/5Wt%A1,0 /5wt%SiC.

of A1LO,/SiC reinforcements. (Fig 5. a-e). Fig.
5f indicates well-defined crystalline peaks. The
peaks were compared with the standard diffraction
data to analyze the presence of different phases.
20 reflections at 37.60, 45.32, 65.13, 78.71 and
82.65 °© correspond to AA2024 phase. It exhibits
FCC crystal structure with the lattice parameter of
a = 0.404 nm which is comparable to the JCPDS
No.85-1327. The Al,O, phase is confirmed from
the peaks at 20, 35.81, 43.03, 68.32 and 66.42
° that match with JCPDS card No.10-0173.

SiC peak at 20, 28.62, 44.18, 60.32 and 69.83 °
confirmed with the JCPDS No. 29-1128. The less
intense peaks found at 20, 42.39 and 46.59 ° were
due to the Al,C, and Al SiC, that formed during
the reaction at the interface between Al and SiC
particulates [37-40]. However, no reaction is ob-
served between the reinforcement Al,O, and the
matrix Al It is evidenced from the XRD pattern
that the diffraction intensity and broadening of the
peaks vary with volume fraction and particle size
of reinforcement.
e
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3.2. The density and Porosity of the Composites

The effect of different weight fraction and parti-
cle size of Al,O,/SiC reinforcement on the density
and porosity of HMMCs is shown graphically in
Figs.6 and 7. The trend shows that the reinforcement
weight fraction (1 to 10 wt%) and particle size play
an important role in controlling the density of the
composites. The composite density increased with
increase in AL,O,/SiC reinforcement (up to 10 wt%)
and particle size (Fig. 6). Furthermore, it is interest-
ing to note that the HMMCs with 40 um particle
size showed higher density than particle sizes with
20 and 10 um. The observed density is consistent
with the results reported in the previous research
[17, 41]. Fig. 7 shows the variation in porosities
for different particle sizes and wt% of AL,O,/SiC
reinforcement. The porosity was found to be high
in the sample AA2024/0.5wt%A1,0,/0.5wt%SiC.
Porosity decreased with increasing wt% and parti-
cle size in the samples.

2.90 S 10pm
N 20pm

40pm
BSS Theoretical Densi

N N N N

1Wt% 2Wt%  4wt% 6wt% 8wit% 10wt%
AlL,O,/SIC wt %

Fig. 6. The variation of density of the HMMCs with
different weight fraction and particle size of AL,O,/SiC

reinforcement.
0.020-
m 401um
ez 20pm
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&
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2
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0.005] 27 - o ]
1 e
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% 2Wt% 4Wt% 6wt% Swt% 10wt%
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Fig. 7. The variation of porosity of the HMMCs with
different weight fraction and particle size of AL,O,/SiC
reinforcements
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The observed densities were found to be a little
low and closer to the theoretical density. Hence
porosities were unavoidable in all the samples. It
seems porosity in MMCs is unavoidable to some
extent due to the steps involved in the fabrica-
tion process. The creation of air bubbles during
the stirring, air contact with molten metal during
pouring, the evolution of hydrogen and shrinkage
during the solidification are reasons for the poros-
ity [17, 42]. Observation shows that the porosity
in the composite sample showed the highest for
40 pm particle size in all of the samples with the
increasing wt% of Al ,O,/SiC reinforcement. The
major reason is the squeeze pressure that applied
with better wettability that provided the strong
bonding force between AA2024 and Al,O,/SiC
reinforcement.

3.3. Mechanical Properties of the Composites
3.3.1. Vickers Hardness Test

Fig. 8 shows the Vickers hardness of AA2024/
AlLO,/SiC hybrid composites. HMMC hardness
increased with the increase in reinforcement
wt% and decreasing particle size. The different
weight fractions of Al,O,/SiC reinforcement sig-
nificantly improve the hardness of the metal ma-
trix as observed in various reports [43-45]. It is
also noticed from the results the particle size of
the reinforcement influences the hardness of the
HMMC. The composite samples fabricated with
the reinforcement particle size of 10 pm, showed
the highest hardness compared to the hardness of
particle sizes of 20 and 40 pm. HMMC sample

160+

155 m 40pm
ez 20pm

1504 ezzz 10

145 7

AN
AAMIMMIBDdONNY
AMMMDNIHn
AMAAMMMIMIMIMIMUIOIOINY

Hardness (HV)
AN
AN

V) ~ Z V) _ _
1wWt% 2wt% 4wt% 6wt% 8wt% 10wt%
A|203/s|c wt %
Fig. 8. The variation of Vickers hardness with
different fraction of Al,O,/SiC reinforcements and
particle sizes
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Fig. 9. HMMCs reinforced with 10 um particle size
subjected to tensile strength test

AA2024/5wt%A1,0,/5wt%SiC  with the parti-
cle size of 10 um revealed the highest hardness
156.4 HV. Higher the weight fraction of AL,O,/
SiC, harder and well-bonded particulates in metal
matrix increases the constraint to the plastic de-
formation and dislocation density increases the
hardness of HMMCs [46]. Therefore, the exper-
imental results conclude that the addition of hard
AlO,/SiC reinforcement improved the hardness
of the AA2024 alloy by 14.1 %.

3.3.2. Tensile Strength

HMMCs sample fabricated with 10 pm subject-
ed to tensile strength test is shown in Fig. 9. Tensile
strength of HMMCs showed the trend similar to the
hardness that varied with different weight fraction
of reinforcement and particle sizes (Fig.10). The
sample (AA2024/5wt%Al,0,/5wt%SiC) with 10
um reinforced particle size showed the maximum
tensile strength that was found to be 531.43 MPa
[31]. Tensile strength of the composite increased
with increase in Al,O,/SiC reinforcement up to 10
wt% and a decrease in particle size from 40 to 10
um. The particle size and wt% of the reinforcer
ment play a significant role in increasing the ten-
sile strength of composites.

Hard Al,O,/SiC reinforcement strongly bond-
ed to the AA2024 matrix is responsible for the in-
crease in dislocation density near the matrix-rein-
forcement interface and grain strengthening effect
[47, 48]. The dislocation density increase is main-
ly due to the increase in wt% of SiC that hinders
the dislocation motion [49]. Tensile strength of
the HMMCs is 13.3 % higher than AA2024 metal

m 40pm

ezzzz2 20pm

- 450 ez 10
’ Z
g z B
4254 7 Z Z
7 B B
7 B8 B B
i 78 B B B
w7 m B B B B
w1111
i 7 B . .
=% B K B B R
& B B B B B
B B EBE B B

1Wt% 2wWt% 4wWt% 6wt% Swt% 10 wt%
AlI03/SiC wt %
Fig. 10. The variation of tensile strength with AL,O,/SiC
particle content and size.

matrix and was found to be substantial [40, 50]. It
is evident that the reinforcement with 10 pm parti-
cle size having strong interfacial bonding between
the AA2024 alloy and Al,O,/SiC particulates en-
hanced the tensile strength. Tensile strength of the
HMMC s is 13.3 % higher than that of AA2024
metal matrix.

Generally, the ductility of Al alloy based com-
posites is quantified by tensile elongation. For the
composite sample, AA2024/5wt%Al,0,/5wt%SiC
with 10 pm particle size, elongation measured
was 4 % lower than AA2024 (6 %). Tensile elon-
gation was found to be high for the composite
sample with 20 and 40 um particle sizes. Com-
posite sample AA2024/0.5wt%A1,0,/0.5wt%SiC
showed the highest elongation. Further elonga-
tion decrease with increasing wt% of Al,O,/SiC
[17, 50-52]. Though the addition of reinforcement
contributes to an increase in hardness and tensile
strength, it showed a decrease in elongation per-
centage. The results of this research were consis-
tent with the previous literature [53]. This consid-
erable decrease in ductility is due to the addition
of reinforcement.

3.4. Wear Properties of the Composites

HMMC generally possesses high specific
strength and superior wear resistance. Addition of
ceramic particles into the metal matrix improves
the seizure resistance compared to the pure alloy.
It is reported that AA2024 reinforced with ALO,/
SiC and graphite particulates with 10um particle
size exhibit better mechanical properties [16, 29,
36]. Hence, HMMC with 10pum reinforcement
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Fig. 11. The wear rate for HMMC (10 um particle Size)
with varying sliding speeds at load 10N.

particle size was selected for wear study. Fig. 11
shows the dry sliding wear behavior of compos-
ites at three different velocities 2, 3 and 4 m/s.
A decrease in wear rate was observed with the
increase in reinforcement wt% at different veloc-
ities. The wear rate was found to be the lowest
for the sample (AA2024/5wt%Al1,0,/5wt%SiC)
tested at the constant velocity of 4 m/s.

The sample (AA2024/0.5wt%AL0,/0.5wt%SiC)
wear rate was found to be higher than others for the
different velocities at 10 N loads. During the wear
test process, SiC reinforcement thrown out of the
composite pin gets logged on the disk. This converts
the adhesive wear into abrasive wear. Due to this rea-
son, a greater amount of material is removed from
the pin sample with lower wt% of reinforcement
(AA2024/0.5wt%A1,0,/0.5wt%SiC). The compos-
ite wear loss decreased with the increase in velocity
and reinforcement wt% of HMMCs (Fig. 11). The
main reason is the dispersion of reinforcement act as
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0.0032- —e—20N

‘Wear Rate (nlns/m)

s o o o
g 8 8 8
28 ¥ 2

IW% 2wt% 4wt% 6wt% Swi% 10 wt%
Alx03/SiC wt %

Fig. 12. The wear rate of HMMC (10 um particle Size)
with varying loads
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load bearing components [54].The other reason be-
ing the increase in interfacial temperature that creates
the oxidation layer on the composite. The oxide layer
acted as a protective layer that prevents sliding inter-
faces [55]. Hence, increasing the sliding velocity in-
creased the thickness of the protective layer over the
entire surface of the pin, thus resulting in less wear
loss. Increase in sliding velocity from 2 to 4 m/s, de-
creased the composite wear rate by 37.3 %.

The variation in wear rate at various loads for
the constant sliding velocity 4m/s for 10um para
ticle size is shown in Fig. 12. A decrease in wear
was observed with an increase in reinforcement
from 1 to 10 wt% for A1,O,/SiC, respectively.
With the increase in wt% of the reinforcement,
SiC in the composite increased the contact area
with the steel counterface that improved the wear
resistance. The wear rate (Fig. 12) increased with
increase in load due to the increased frictional
forces that lead to high coefficient of friction at
low wt% (1-6 wt%) of A1,O,/SiC. In addition, the
frictional force increases the temperature of the
composite which in turn increased the wear rate
during the sliding process [56]. The decrease in
wear rate was observed from 0.00307 to 0.00221
for 10 N and 0.00314 to 0.00225 for 20 N, respec-
tively. The wear resistance improved by 29.6 %.
The increase in reinforcement wt% and load from
10 to 20 N increased the wear rate.

Fig. 13 shows the effect of friction coefficient
of HMMCs with 10 um particle size at different
loads. It showed a decreasing trend with an in-
crease in wt% of reinforcement at constant load.
However, the coefficient of friction was found to

0.40-
g% % —_TON
g o) % 7z 20 N
% 0.7 %
|
‘G 0.36- /
§ 0.35- %

' /

0.34. //

1wt% 2
Al504/SiC Wt %

Fig. 13. Coefficient of friction of HMMC (10 pm particle
Size) with varying loads
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be high at the 20 N load. It is known that the in-
teraction between the load and the sliding distance
demonstrated a significant effect on the wear be-
havior of the composites [57]. Presence of hard
reinforcement Al O, confirmed the role of solid
lubricant [58]. Interaction of Al,O, particles on
the wear surface prevents the metal-metal surface
contact that reduced the coefficient of friction
between the pin and the disk. The coefficient of
friction decreased from 0.385 to 0.346 for 10 N
and for the 20 N load from 0.395 to 0.349, respec-
tively. The results revealed that the coefficient of
friction decreased by 12.4 % with a decrease in
load from 10 to 20 N. Increased wear resistance

EHT = 20,00 kv Signal A = SE2 Dats :20-02-2018
WD = 7.2 mm Mag = 800X Time 118:05:33

with decreased coefficient of friction is due to the
presence of protective layer over the entire sur-
face of the pin as confirmed in the previous lit-
erature showing that the Al,O, and BN particles
act as solid lubricant [54,58]. The results convey
that frictional behavior of the HMMCs depends
on load, sliding speed and reinforcement wt%.

3.5. Morphological Analysis

Fig.14 illustrates the micrograph of typical
AA2024/A1,0,/SiC composites with 10um par€
ticle size exposed to the 20 N loads. SEM mi-
crographs revealed that the HMMCs show both

EHT = 20.00 k4 Signal A = SEZ Date | 20-02-2018
WD = 10,8 mm Mag= 800X Time 1520118

EHT = 20.00 kv Signel A = SE2 Dat 0=02-2018
WD = 7.2 mm Mag = 800 X Time 1155628

EHT = 20.00 kv Signel A = SE2 Date 20-02-2018
WD = 9.0 mm Mag = 500 X Time 115.58.07

EHT = 20,00 kv Signal A = SE2 Date :20-02-2018
WO = 7.4 mm Mag= 800X Time 16:28:17

EHT = 20,00 kV Signal A = SE2 Date :20-02~-2018
WO = 7.4 mm Mag = 800 X Time 16:11:50

Fig. 14. SEM micrograph of the worn surfaces of HMMC samples (a) AA2024/0.5wt%A1,0,/0.5wt%SiC,
(b) AA2024/1wt%A1,0,/1wt%SiC, (c) AA2024/2wt%Al1,0,/2wt%SiC, (d) AA2024/3wt%Al1,0,/3wt%SiC,
(e) AA2024/4wt%Al1,0,/4wt%SiC, and (f) AA2024/5wt%A1,0,/5wt%SiC, at load 20 N.
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abrasive and adhesive wear along the wear track
sliding direction. Also, some loose debris par-
ticles were observed on the surface of the com-
posites and a thin film is formed between the two
contacting surfaces. The microstructural analysis
gave a clear distinction about the mechanism of
material removal at higher loads exhibited adhe-
sive wear. Micrograph 14 (a-c) showed severely
damaged regions indicates the patches and abra-
sion in the worn surface [57, 58]. It shows the
presence of Al,O,/SiC particles with cracks inside
the worn path. Fig 15 shows the EDS analysis for
the sample AA2024/0.5wt%Al,0,/0.5wt%SiC
which exhibit different chemical composition
being rich in Al and other elements such as Si,
C, Mg, O, and Fe. The results of EDS analysis
are summarized in Table 2. The composite con-
tains about 87.35 wt% Al, 8.41 wt% of C and
2.15 wt% O. Illustration from Fig. 14 (c,d) shows
cavities and grooves along the slide direction in
the samples AA2024/2wt%Al,0,/2wt%SiC and
AA2024/3wt%Al,0,/3wt%SiC.  The reinforce-
ment removed forms a thin tribo film that prevents
the direct contact between the metal and the sliding

Table 2. Results of EDS measurements of
AA2024/0.5wt%Al,0,/0.5wt%SiC hybrid metal matrix

surface preventing the breaking of Al O, particles.
Hence, the wear rate observed is low compared to
the sample AA2024/0.5wt%Al,0,/0.5wt%SiC. The
reinforcement Al,O,/SiC acted as a protective lay-
er. From the Fig 14 (¢) small patches were observed
in the sample AA2024/4wt%Al,0,/4wt%SiC, as
ALO,/SiC reinforcement acted as a barrier pre-
venting the movement of dislocation. It is ob-
served that small fragments of the material have
been removed inside and on the edges of the wear
track. Sample  AA2024/5wt%Al,0,/5wt%SiC
with small cracks inside the worn path represent-
ed a smoother surface than other samples (Fig.
14 f). It demonstrated that the composite sample
AA2024/5wt%Al,0,/5wt%SiC showed better de-
formation resistance and wear. This resulted in de-
creased material removal rate during the wear test.
The presence of Al,O,/SiC also noticed on HMMC
worn surfaces with the EDS analysis is shown in
Fig. 16. The corresponding chemical composition
of EDS results is presented in table 3.

It is interesting to note that in this wear study,
deformation resistance offered by SiC, fractured
into small pieces that produced wear debris parti-

Table 3. Results of EDS measurements of
AA2024/5wt%Al,0,/5wt%SiC hybrid metal matrix

Element Weight% Atomic%
CK 8.41 16.93
OK 2.15 3.25

Mg K 0.90 0.89
Al K 87.35 78.23
Si K 0.44 0.38
Fe L 0.75 0.32
Totals 100.00

Element Weight% Atomic%
CK 4.12 8.05
OK 30.08 44.09

Mg K 0.27 0.26
Al K 44.16 38.38
Si K 0.38 0.32
CrL 2.56 1.15
Fe L 18.42 7.74
Totals 100.00

T

Z
Full Scale 1693 cis Cursor: 6.667 (6 cts) ke

Fig.15. EDS analysis for the sample
AA2024/0.5wt%A1,0,/0.5wt%SiC

& £ o

T T T &
0 0.5 1 1.5 2 25 3
Full Scale 2565 cis Cursor: 3.045 (18 cts) ke’

Fig. 16. EDS analysis for the sample
AA2024/5wt%A1,0,/5wt%SiC
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cle. This debris prevents the disk from penetrating
into the metal protecting the soft aluminum ma-
trix, thereby increasing the wear resistance.

4. CONCLUSIONS

HMMCs with different weight percentages and
particle sizes of Al O,/SiC reinforcement were
successfully prepared by squeeze casting method.
The samples were characterized and drawn the
following conclusions:

1. Composite density increased with increasing
weight percentage and decreasing particles
size of ALO,/SiC reinforcement.

2. AA2024/5wt%A1,0,/5wt%SiC (10pm particle
size) showed maximum hardness and tensile
strength of 156.4 HV and 531.43 MPa, respec-
tively.

3. Wear study revealed that the most important
factor affecting the friction coefficient of the
hybrid composite is the load followed by slid-
ing speed. The decrease in wear rate was ob-
served from 0.00307 to 0.00221 for 10 N and
0.00314 to 0.00225 for 20 N, respectively.

4. The coefficient of friction decreased from
0.385 to 0.346 for 10 N and for the 20 N load
from 0.395 to 0.349, respectively.

The results derived from this research claims
that A1,O,/SiC (10 pm particle size) reinforced
AA2024 significantly enhanced the mechanical
and wear properties. Therefore, it can be conclud-
ed that prepared HMMC:s stands as the best-suited
material with characteristics in the application of
engine cylinder liner to meet the modern demands
of the automotive industries.
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